show that lanternfishes exhibit a continuously increasing diversification rate, consistent with nonequilibrium speciation dynamics, and three major evolutionary rate shift locations with timing that is similar to those of marine clades in more well-known environments. These results suggest that lanternfish diversification patterns overlapped with major events in the physical partitioning of the ocean volume and that the clade has responded positively to a range of pre-Anthropocene extinction drivers [7]. However, lanternfish respondability to modern extinction drivers-habitat loss and overexploitation-is best addressed with populational and ecological data and remains largely unknown.
SUMMARY
The mesopelagic (midwater) and deep-sea environments together comprise over 90% of the volume of the world ocean [1] and provide services that are only recently becoming recognized [2] . One of the most significant of these services relates to midwater fish biomass, recently estimated to be two orders of magnitude larger than the current worldwide fisheries catch [3, 4] . Calls to exploit midwater fish biomass have increased despite warnings about the unknown recovery potential of such organisms [2] and despite existing data suggesting that deep-sea fishes could be classified as endangered [5] . Here, to provide a null model for the respondability of midwater fishes, I use lanternfishes-which comprise the majority of worldwide midwater fish biomass [6]-to examine the diversification response of a critical midwater clade to oceanic changes over evolutionary timescales, including several extinction and turnover events. Using a time-calibrated molecular phylogeny based on seven autosomal protein-coding loci, with over 50% species sampling and three ingroup node calibrations, I show that lanternfishes exhibit a continuously increasing diversification rate, consistent with nonequilibrium speciation dynamics, and three major evolutionary rate shift locations with timing that is similar to those of marine clades in more well-known environments. These results suggest that lanternfish diversification patterns overlapped with major events in the physical partitioning of the ocean volume and that the clade has responded positively to a range of pre-Anthropocene extinction drivers [7] . However, lanternfish respondability to modern extinction drivers-habitat loss and overexploitation-is best addressed with populational and ecological data and remains largely unknown.
RESULTS AND DISCUSSION

Best-Fit Time Calibration and Divergence Estimates
The birth-death tree prior (Àmarginal LL = 102484.865 ± 0.397) was favored over the Yule tree prior (Àmarginal LL = 102496.19 ± 0.484) under the AICM. Under the birth-death tree prior model ( Figure 1 , Table S1), the age of crown Myctophiformes was recovered as Upper Cretaceous (Campanian: 83 Ma, 106-62 Ma 95% highest posterior density [HPD] ) with a 38-million-year stem, diverging from their Ctenosquamate sister group at 121 Ma (lower Aptian). Crown-group divergence times are summarized in Table S1 .
Posterior Support for Rate Shifts
Posterior support for multiple rate shifts was strong. The posterior distribution differed significantly from the prior ( Figure S2 ) in recovering negligible support for a constant-rate (N shifts = 0) diversification model. The posterior distribution on the number of rate shifts had the highest support for either three (p = 0.27) or four (p = 0.37) rate shifts, with a number of shifts between two and six comprising > 95% of the posterior (two shifts: p = 0.1; five shifts: p = 0.17; six shifts: p = 0.06). Bayes factors provided decisive support (K > 100) for non-constant (one shift versus zero shifts) diversification.
Analysis of credible shift sets and macroevolutionary cohorts provided strong support for multiple concomitant shifts. The maximum a posteriori (MAP) shift set within the credible shift set (N distinct configurations = 83) contained four shifts (p = 0.113), which were located on the following: the stem of family Myctophidae, the stem of genus Diaphus, the stem of genus Protomyctophum, and the stem of the genus Lampanyctus + Nannobrachium ( Figure S2A ).
Diversification Rates, Shifts, and Macroevolutionary Regimes Plots of diversification rates through time showed non-linearly increasing speciation and convex extinction dynamics in myctophiform fishes ( Figure 2A , Table S2 ). The non-linearity of diversification dynamics in the order was driven by Myctophidae ( Figure 2B ), which exhibited an uptick in both speciation (timeaveraged l = 0.112 lineages/Ma) and extinction (time-averaged m = 0.015 lineages/Ma) rates beginning approximately 20 Ma. This pattern inferred for lanternfishes is in contrast to studies of whales [8] , Australian sphenomorphine skinks [9], hummingbirds [10], and bats [11] , in which a signature of decreasing speciation through time was recovered using similar Bayesian methods. Decreasing speciation rates through time may produce an ''early-burst'' pattern in lineage-through-time (LTT) plots, which has been observed in many terrestrial and freshwater model taxa [12-15] and which has been hypothesized to reflect early adaptive radiation followed by decreasing diversification with Light blue bars indicate 95% HPD intervals for node ages. Photographs represent diversity of myctophiform fishes. From top: Scopelengys tristis MCZ150281 (Neoscopelidae), Neoscopelus microchir MCZ28162 (Neoscopelidae), Electrona antarctica MCZ149072 (Myctophidae, Electronini), Benthosema glaciale MCZ125909 (Myctophidae, Myctophini + Gonichthyini), Myctophum aurolaternatum SIO61-57-25A (Myctophidae, Myctophini + Gonichthyini), Hygophum hygomii MCZ115714 (Myctophidae, Myctophini + Gonichthyini), Symbolophorus veranyi MCZ111606 (Myctophidae, Myctophini + Gonichthyini), Loweina rara MCZ102762 (Myctophidae, Myctophini + Gonichthyini), Centrobranchus andreae MCZ146602 (Myctophidae, Myctophini + Gonichthyini), Myctophum selenops FMNH64619 (Myctophidae, Myctophini + Gonichthyini), Lobianchia gemellarii MCZ106939 (Myctophidae, Diaphini), Diaphus metopoclampus MCZ119988 (Myctophidae, Diaphini), Diaphus sp. MCZ41433 (Myctophidae, Diaphini), Scopelopsis multipunctatus MCZ102580 (Myctophidae, Gymnoscopelini), Notoscopelus caudispinosus MCZ104066 (Myctophidae, Gymnoscopelini), Lampadena speculigera MCZ165605 (Myctophidae, Lampanyctini), Lepidophanes guentheri MCZ108206 (Myctophidae, Lampanyctini), Bolinichthys sp. MCZ171479 (Myctophidae, Lampanyctini), Notolychnus valdiviae MCZ151211 (Myctophidae, Lampanyctini), Lampanyctus photonotus MCZ111839 (Myctophidae, Lampanyctini). See also Figure S1 , Table S1 , Data S1, and Data S2. the filling of niche space. By contrast, LTT plots of myctophiform diversification ( Figure S2C ) showed a near-constant lineage accumulation through time, a pattern also recovered in analysis of continental distributions of the African catfish Synodontis [16] and ovenbirds and woodcreepers [17] . Under the assumption of kinetic models of diversity-dependent diversification, increasing speciation rates and log-linear LTT dynamics suggest that myctophiform fishes have not reached an ecological limit, an idea that is in agreement with hypotheses about marine speciation linked to the physical volume of the ocean [18] and also linked to non-limiting resource abundance and uniformity, as well as spatial and temporal separation among taxa, in the midwater environment [19] . Diversification in the order may instead be governed by diversityindependent, non-equilibrium processes such as range volatility [20] , a possibility in agreement with the complex upheavals of anoxia, temperature, and salinity that dynamically partitioned the World Ocean during the establishment of modern thermohaline circulation and the currently recognized 33 biogeographic regions of the global mesopelagic environment [21] . The geographic boundaries of many modern myctophiform fishes are known to follow such salinity, temperature, and productivity gradients [e.g., 22].
Macroevolutionary Cohorts
Macroevolutionary cohort analysis ( Figure 3 ) recovered five unique rate regimes: genus Diaphus (cohort 2), which was distinctly different from all other groups; genus Protomyctophum (cohort 4); and genus Lampanyctus + Nannobrachium (cohort 3). These unique regimes were nested inside a background cohort comprising the remaining taxa within family Myctophidae (cohort 1), with low but non-zero support for shared rates among members of cohorts 1, 3, and 4. A fifth rate regime (not shown) was identified for the genus Neoscopelus in the myctophid sister family Neoscopelidae, recovered in this analysis as non-monophyletic, consistent with previous results at this scale [23] .
The inferred rate shifts within the family identify both previously implied cohorts and novel cohorts of future interest to evolutionary biologists. A rate shift inferred for the myctophid stem ( Figure 3 , Figure S2A ) agrees with descriptive studies citing Myctophidae as the most speciose family of midwater fishes [24, 25] . Similarly, within lanternfishes, a rate shift and unique cohort inferred for the genus Diaphus ( Figure 3 ) is in agreement with the paleontological and recent analytical literature on this genus, identifying it as a putative radiation [26, 27] . By contrast, the identification of unique evolutionary rate regimes in Lampanyctus + Nannobrachium and Protomyctophum are identified here for the first time as taxa of interest for studies of marine speciation.
Practical Implications of Rate Trends and Shifts in Lanternfishes
The geological context of rate shifts ( Figure 4) showed support for three rate shift peaks: one spanning the upper Cretaceous to Eocene, with a peak shortly after the K-Pg boundary; one peak spanning the late Oligocene to middle Miocene, with a peak in the Burdigalian (20.44-15.97 Ma); and one in the Pliocene. No shift responses were detected to deep-sea warming events, such as the Paleocene-Eocene Thermal Maximum, ca. 55. ) taxa, suggesting that mesopelagic vertebrate diversification may follow trends similar to those observed in more well-known marine environments. Coupled with the inference of increasing diversification through time, these results suggest that myctophiform fishes, and especially lanternfishes, may respond positively to a suite of oceanic perturbations (combinations of acidification, anoxia, and cooling) that are suggested to be major drivers of marine extinctions in other taxa [7] .
The first set of rate shifts appears to be bracketed predominantly by the Aptian-Albian anoxic event (OAE1b), ca. 108.9 ± 6.2 Ma [35], the Bonarelli (Cenomanin-Turonian/OAE2 boundary) event, ca. 91.5 ± 8.6 Ma [35] , and the K-Pg boundary. Given the broad temporal range inferred for this shift when accounting for phylogenetic uncertainty ( Figure 4 ) and the number of potential diversification correlates through this temporal range (changes in coldwater circulation, thermocline stratification, and nannoplankton turnover [36, 37]; and endCretaceous elimination of many pelagic predators [38]), future work on the family-level diversification of lanternfishes will benefit from focusing on resolving myctophiform and lanternfish divergence timing at a finer scale.
The second set of rate shifts appears to be initiated postPriabonian (Eocene), apparently coinciding with the EoceneOligocene transition, ca. 33.6 Ma [39]; a second post-Eocene rate shift peak across the Plio-Pleistocene appears to coincide with the closure of the Central American Isthmus, the formation of the North Atlantic Deep Water (NADW), ca. , and the onset of North Atlantic glaciation, ca. 3 Ma [41] . Such a pattern is broadly in agreement with the hypothesis that vicariance events related to changes in polar circulation drove the evolution of lanternfish tribes Electronini and Gymnoscopelini [e.g., 24].
The apparent phylogenetic signal of the rate shifts in cohorts within the family suggests the possibility of phenotypic correlates for diversification, as well. For example, members of Diaphus have a highly conspicuous, proliferated five-component bioluminescent ''headlight'' complex that is, in some species, sexually dimorphic in one or more of the component organs [42] . Adult Lampanyctus + Nannobrachium exhibit combinations of pectoral fin shortening and loss and presence or absence of secondary bioluminescent tissue, in addition to many larval morphs [43] . Members of Protomyctophum exhibit a wide disparity in lateral photophore configuration, caudal organ anatomy and degree of sexual dimorphism, eye morphology, fin position, and tooth plate osteology [44] . However, linking such data to diversification rates is questionable using current methods, even for large and well-studied clades [e.g., 45], and existing molecular, phenotypic, and zoogeographic data are insufficient to rigorously assess the contributions of such traits and paleoenvironmental conditions to diversification in lanternfishes. As such, the question of diversification correlates throughout family Myctophidae remains an outstanding problem in marine speciation.
Whereas the inferred pattern suggests a degree of respondability in a critical mesopelagic clade to certain extinction drivers at longer evolutionary timescales, these results also highlight the gap in knowledge regarding two other extinction drivers: overexploitation and habitat loss, the major marine extinction drivers over the past 10 Ka [7, Table 1 ]. Unlike the physical and chemical oceanographic extinction factors to which it appears lanternfishes may respond positively over large timescales, both overexploitation and habitat loss affect species at societal timescales and are best studied with populational and demographic data. For lanternfishes, this information is taxonomically sparse and both geographically and temporally localized [e.g., 46-48]. Overexploitation is especially poised to adversely affect lanternfishes, as interest in the commercial use of their worldwide biomass as a fisheries product has grown in the past decade [2, 49] . Given the role these fishes play in numerous food webs [50, 51] and in fishmediated sequestration of carbon [52, 53] and dispersal of anthropogenically introduced pollutants such as microplastics [54] , global population-level data on these fishes is essential to provide policy recommendations for midwater resources as we enter a new frontier of oceanic resource extraction [2, 55] .
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EXPERIMENTAL MODELS AND SUBJECTS
The experimental subjects are sequences derived from individual representatives of lanternfish species (no chimeric sequences were used). Species identifications did not distinguish males from females for the purpose of DNA amplification. The data are derived from museum-accessioned material as listed in the manuscript. All sequence data are deposited in GenBank.
METHOD DETAILS Sequence Amplification and Partition Selection
Sequence amplification and partition selection was conducted according to the protocol of Denton [23] . Sequence information for the gene pleiomorphic adenoma-like protein 2 (plagl2) was amplified from total genomic DNA samples extracted from ethanol-preserved muscle tissue using a DNeasy Blood and Tissue kit (QIAGEN). Gene fragments were amplified using universal primers and nested polymerase chain reactions, following the thermocycler protocols of Li et al. [57] . Additional sequence information for six protein-coding genes (histone H3, bmp4, glyt, myh6, tbr1, zic1) representing 135 of the approximately 254 myctophiform species (130 of approximately 248 myctophids and 5 of 6 nominal neoscopelid species) plus two aulopiform outgroup taxa (Chlorophthalmus nigromarginatus, C. albatrossis) were derived from a comprehensive phylogenetic analysis of myctophiform fishes [23] . The analysis was rooted with Ateleopus japonicus, and additional outgroup taxa from Aulopiformes, Percopsiformes, Zeiformes, and Gadiformes were selected given the consistent placement of these taxa around Myctophiformes based on large-scale studies of actinopterygian systematics and diversification [58, 59] . Each gene dataset was aligned by translation product in Geneious v5.1.7 [60] and assembled into a concatenated alignment in SequenceMatrix [61] . The concatenated alignment consisted of 155 taxa (138 ingroup species x 5067 bp). Optimal data partitioning was selected using a greedy search heuristic under the Schwarz criterion [62] with unlinked branches in PartitionFinder v1.1 [63] . To assess the strength of support for the models identified for each partition by PartitionFinder (Partition 1: codon positions 1+2; Partition 2: codon position 3), model selection was carried out on the PartitionFinder results in jModelTest2 [64] , using the corrected Akaike Information Criterion (AICc). Data coverage are summarized in Data S3. REAGENT 67, 68, 69] . Therefore, calibrations for internal nodes within the order were derived from a combined genus-level Bayesian morphological and molecular analysis of extant and fossil taxa (see Figure S1 ; Data S6, S7).
Character information for three fairly complete taxa-a fossil neoscopelid, yBeckerophotus gracilis [70] , and two fossil myctophids, yEomyctophum koraense Daniltshenko 1947 [71] and yOligophus moravicus Gregorová 2004-were added to the genus-level dataset of Paxton et al. [56] using character codings derived from the fossil descriptions (also see Denton and Adams [68] for a prior use of these taxa as node calibrations). Following the observation by Denton [72] [1] -was amended to the character matrix. This matrix was expanded to fit the OTU coding for clade designations implied by the molecular data (see below). The expanded morphological data matrix featured 60 osteological, photophore, and larval characters, and 40 extant myctophiform genera plus the three extinct genera listed above.
Because the existing morphological matrix of myctophiform fishes is acknowledged to possess a weak signal [73] , a combined analysis of morphology and molecular data was conducted to infer placement of the node-calibrating fossils. To standardize the OTUs, genus-level consensus sequences were generated from the molecular data to correspond to the genus-level morphological OTUs, with the exception of Myctophum, for which the morphological data was expanded to match the three clades identified by Denton [23] from the molecular data.
A best-fit model for morphology, following Wright et al. [74] , was inferred for the morphological data. A standard Lewis (Mkv) model [75] (symdirihyperpr = fixed(infinity)) was compared with a case parameterizing unequal transition probabilities (symdirihyperpr = fixed(0.05)) using steppingstone sampling [76] comprised of 35 steps, drawn from a Beta(0.4, 1.0) distribution. Both models had six discrete gamma classes for rate heterogeneity. Model support was assessed using a 2 x ln(BF) Bayes Factor [77] of the steppingstone-derived model marginal likelihoods. Combined analysis of the best-fit morphology model and molecular data was conducted in mrbayes 3.2.6 [78] . Molecular data partitioning and model settings followed that of the main text. Analysis was run using two separate chains of 35 million generations each, with a 50% burn-in. Maximum clade credibility (MCC) trees were generated from the post-burn-in tree files in TreeAnnotator v2.4.2. Both runs produced the same topology.
Model support strongly favored the asymmetric model (marginal LL = À742.985) over the standard Mkv model (marginal LL = À788.061), with a 2 x ln(BF) of 92. Results of combined analysis ( Figure S1 ) placed yEomyctophum sister to the family Myctophidae, and yOligophus as sister to the tribe Lampanyctini (plus Notolychnus) within the subfamily Lampanyctinae. From this analysis, two fossil calibrations were applied to nodes within the order.
First, a myctophid stem lineage yEomyctophum koraense Daniltshenko 1947-lower Oligocene), Northern Osetia, Kora settlement (holotype) [67] -was applied as a node calibration for the family Myctophidae. Recent discovery of the lower Eocene Monte Solane fossil Lagerst€ atten [79] with yEomyctophum fossils places the age of the taxon earlier than that of the type series, specifically between nannoplankton zones 13 and 14, approximately 51.81 to 50.2 Ma.
Second, a stem myctophid, yOligophus moravicus Gregorová , 2004-lower Oligocene, upper Pshekha horizon [67, 80] , specifically nannoplankton zone 22 [66] , was applied as a node calibration for the myctophid tribe Lampanyctini (subfamily Lampanyctinae). Although the deposit is in a geologically active region that makes precise zonation difficult, NP22 is dated to between the end of the Priabonian (Eocene) and the beginning of the early Rupelian (Oligocene), between 36 and 34 Ma [81, 82] .
A third fossil member of the myctophid subfamily Myctophinae, yMyctophum columnae Sauvage, 1873 [83] -lower Messinian (original descriptions) to Langhian-Tortonian [84] , Licata formation, Sicily [85] [86] [87] -was applied to calibrate a clade within the extant genus Myctophum (M. orientale-M. selenops clade), based on autapomorphic features of this complex, discussed in Denton [72] , including the unique combination of body depth, ctenoid scales, and a 7+3 anterior and posterior anal (AOa, AOp) photophore configuration not seen in any other myctophid species.
For the overall analysis, in addition to the above ingroup calibrations, two external node calibrations-the fossil stem lineage of Percopsidae (Calibration 12) and the stem lineage of Zeiformes (Calibration 14)-were derived from the study of Near et al. [58] .
Each of the five node calibrations was assigned a separate lognormal prior, with parameters as follows: yEomyctophum koraense (initial m = 1.5, s = 0.8, offset = 51), yOligophus moravicus (initial m = 1.5, s = 0.8, offset = 35), yMyctophum columnae (m = 1.5, s = 0.8, offset = 5), stem Percopsidae (m = 0.5, s = 0.8, offset = 57), and stem Zeiformes (m = 1.016, s = 0.8, offset = 70.6). Shape parameters for the outgroup calibrations were derived from Near et al. [58] . To account for uncertainty in the shape of the prior distributions on yEomyctophum koraense, yOligophus moravicus, and yMyctophum columnae node calibrations, separate hyperparameters [88] with exponential [1.5] prior distributions were assigned to the means of these node-calibrating distributions, and included the stem. The root was calibrated with a normal distribution, with parameters selected to reflect the 95% HPD of the age of the order Ateleopodiformes inferred in Near et al. [58] and Betancur-R et al. [59] .
Divergence time analysis was conducted in BEAST 2.3.2 [89] using unlinked substitution models and unlinked molecular clocks. Because Akaike weights [90] supported several classes of models within the 95% intervals in the two partitions identified by e2 Current Biology 28, 933-940.e1-e4, March 19, 2018
